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Regenerative Electroless Etching of Silicon 
Kurt W. Kolasinski,*[a] Nathan J. Gimbar,
[a] Haibo Yu,[b] Mark Aindow,[b] Ermei Mäkilä,[c] and Jarno 
Salonen[c] 
Abstract: Regenerative electroless etching (ReEtching), described 
here for the first time, is a method of producing nanostructured 
semiconductors in which an oxidant (Ox1) is used as a catalytic 
agent to facilitate reaction between a semiconductor and a second 
oxidant (Ox2) that would be unreactive in the primary reaction. Ox2 is 
used to regenerate Ox1, which is capable of initiating etching by 
injecting holes into the semiconductor valence band. Thereby the 
extent of reaction is controlled by the amount of Ox2 added and the 
rate of reaction is controlled by the injection rate of Ox2. This general 
strategy is demonstrated specifically for the production of highly 
luminescent, nanocrystalline porous Si from the reaction of V2O5 in 
HF(aq) as Ox1 and H2O2(aq) as Ox2 with Si powder and wafers. 
Numerous applications of nanostructured silicon,[1] e.g. 
consumer products, nanomedicine[2] and rechargeable 
batteries,[3] would benefit from economical production of porous 
powder on the kilogram to ton scale. Electroless etching of 
metallurgical grade Si ($1 kg–1 vs. $10,000 kg–1 for 
semiconductor grade Si) is recognized as a process with 
tremendous industrial potential but only if issues related to 
reproducibility, controllability, purity, cost and scaling can be 
addressed.[4] HNO3-based-processes suffer with an inability to 
produce specific surface area >150 m3 g–1, incomplete etching of 
particles and a yield of 5%.[4b, 5] Replacement of HNO3 by Fe
3+,[6] 
led to production of powders with much greater specific surface 
area (up to 408 m2 g–1) and improved yield (h £ 0.24 , defined 
as the ratio of final mass to initial mass);[4c, 7] though issues with 
process control (particularly thermal budget, drying, salt 
precipitation) and cost remain. 
We introduce a new concept in electroless etching, 
potentially applicable to any semiconductor, which we apply to 
the formation of nanostructured Si. We demonstrate production 
of high specific surface area (>400 m2 g–1) photoluminescent 
porous Si (por-Si). The strategy uses a catalytic amount of V2O5 
dissolved in HF(aq), which produces VO2
+. This acts as the 
primary oxidant Ox1 that injects holes into the Si valence band, a 
necessary condition for nanostructuring.[8] VO2
+ is an optimal 
oxidant for the initiation of Si electroless etching.[9] For example, 
using the data of Gondek et al. [10] to that of Ref. [11], we show in 
the supplemental information that the rate of etching induced by 
VO2
+ exceeds the etch rate induced by H2O2 by more than a 
factor of 4000. Unexpectedly, the oxidant plays two roles: (i) it 
initiates etching by hole injection, and (ii) it consumes a 
conduction band electron injected by a fluoride reaction 
intermediate.[12] This doubles the oxidant-associated cost 
because two moles are consumed per mole Si etched instead of 
the 1:1 ratio previously assumed. Importantly, the technique we 
introduce allows us to use H2O2 ($0.5 kg
–1) – an oxidant that is 
known not to produce porous Si in the absence of a metal 
particle catalyst [10, 13] – in place of the vast majority of V2O5 ($50 
kg–1), which simultaneously enhances economic viability and 
process control (reducing heating and eliminating precipitation). 
 
Figure 1. Exponential decay of yield versus time indicates pseudo-first order 
kinetics for etching in V2O5+HF solution regardless of whether the Si sample is 
composed of crushed semiconductor-grade wafers, unmilled metallurgical 
grade granules or finely milled metallurgical grade powder. 
We began etching with V2O5 + HF solutions containing a 
stoichiometric 2:1 molar ratio of V:Si. Figure 1 demonstrates the 
well-behaved kinetics of Si etched electrolessly in V2O5 + HF 
aqueous solutions at 0 °C. Three different types of Si were 
etched to produce the data in Fig. 1: crushed wafer reclaim 
(irregular rectangular shards hundreds of µm across), unmilled 
metallurgical grade powder (irregular rectangular particles 
broadly distributed about 500 µm and above), and milled 
metallurgical grade Si with a roughly Gaussian size distribution 
centered about 21 µm. All three exhibit simple exponential decay 
of the yield. This is consistent with pseudo-first-order kinetics. Si 
wafer etching in V2O5 + HF is first order in [V2O5] with a flat etch 
front.[11] The flat etch front means that the surface area that is 
being etched, which corresponds to the surface area of the pore 
tips, is roughly constant after pore initiation. As shown in the 
Supplemental Information, this combination should follow 
pseudo-first-order kinetics. We conclude that stain etching of 
powders and wafers follow the same etch dynamics even with 
the presence of impurities and polycrystallinity. Nonetheless, 
powder etching is much faster than wafer etching. The true rate 
constant for etching of the 21–µm powder is k = 0.45±0.08 m–2 
s–1 at 273 K. Using the measured[12] activation energy of 30 ± 5 
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kJ mol–1 for single-crystal Si to adjust a value obtained at 298 K, 
the true rate constant for etching Si wafer is k = 0.036±0.010 m–2  
s–1 at 273 K. The presence of defects in metallurgical grade Si 
powder increased the etch rate by roughly one order of 
magnitude compared to wafer Si. 
After rinsing with 0.2 M HCl(aq) then pentane during filtration, 
the powders were dried under vacuum. Upon exposure to the 
atmosphere the powders exhibited brilliant photoluminescence 
(PL) in the green-yellow region of the spectrum. The peak 
wavelength when excited at 350 nm varied in the range of 540–
590 nm. However, the PL intensity decreased over the course of 
several days and red shifted to the range 600–650 nm. It finally 
stabilized after approximately a week. The specific surface area 
was up to 225 m2 g–1, much better than for HNO3 etches but less 
than the best values reported for Fe3+ etching. 
Scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) revealed the cause of moderate 
specific surface area and PL fading. Only a thin (hundreds of 
nm) layer of porous Si surrounds a solid core. This layer was 
fragile, which made the PL unstable. The solid core reduced 
both the porosity and specific surface area. Nonoptimal etching 
occured because the etch rate was too great, which effectively 
burned off (electropolished) some of the porous Si layer. When 
the concentration of oxidant dropped to a sufficiently low value, 
the net rate of film formation was positive. However, at this point 
there is too little oxidant left to make a thick film. 
The system poses a conundrum. The amount of Si etched is 
determined by the amount of oxidant but the etch rate depends 
on concentration. Low concentrations (required to avoid 
electropolishing) coupled with a large amount of oxidant 
(required to etch sufficient Si) translate into large etchant 
volumes and long processing times. An effective, scalable 
process requires fundamental rethinking of how to etch. 
Under optimal conditions etching occurs only at the pore tips, 
particle size is constant, and the volume etched equals the pore 
volume. The ratio of pore volume to particle volume defines the 
porosity . The fraction of remaining Si is defined by the mass 
loss ratio (MLR), which is one minus the yield, MLR = 1-h. We 
define the optimal etch parameter OEP as the ratio of porosity  
to MLR. An optimal etch corresponds to OEP = 1, which means 
that all etching leads to pore formation rather than particle 
dissolution. With OEP ≈ 0.4, the powders produced with etches 
reported in Fig. 1, i.e. stoichiometric V2O5 added at the 
beginning of the etch, were significantly better than HNO3 
etching with OEP ≈ 0.3 but still not as good as the best reported 
by Loni et al.[4c, 7] with Fe3+, which corresponds to OEP =0.66. 
The V(V) species that initiates etching is converted 
quantitatively to V(IV).[12] This is accompanied by a color change 
from pale yellow to blue. The associated standard reduction 
potential is E° VO
2
+
VO
2+( ) = 0.991 V . We observed that when 
we added H2O2, E° H
2
O
2
H
2
O( ) = 1.776 V , to a blue V(IV) 
containing solution, the solution immediately turned red-brown. 
A similar color was obtained when H2O2 was added to a VO2
+ 
solution. The ability of the red-brown solution to etch Si was 
confirmed by immediate bubble production upon addition of Si. 
We conclude that the red-brown solution corresponds to an 
oxovanadium(V) ion in solution, which is not VO2
+ but is 
nonetheless capable of injecting holes into the Si valence band. 
A totally new etch strategy is now at hand. This allows us to 
control the rate and the amount of etching independent of the 
amount of V2O5. We call this regenerative electroless etching 
(ReEtching). A catalytic amount of V2O5 is added to HF. 
Typically we use 0.05–0.5 g compared to the 6.5 g required by 
stoichiometry to etch 1 g of Si. After initiation of etching by 
mixing of V2O5 + HF with Si dispersed in HF + H2O, we add 
H2O2 via a syringe pump. H2O2 regenerates the oxidant that 
initiates electroless etching. The injection rate controls the rate 
of etching. The amount of Si etched is controlled by the amount 
of H2O2. This allows us to replace 95% or more of the 100x more 
expensive V2O5. Slow continuous addition of H2O2 reduces the 
thermal load on the system and produces a steady state etch 
rate that allows for film formation with minimal electropolishing.  
Using this method we have etched 4 µm powder (as 
opposed to the 2 µm powder used by Loni et al.) to 392 m2 g–1 
specific surface area, 3.2 nm mean pore diameter, 0.312 cm3 
pore volume,  = 0.421, MLR = 0.822, OEP = 0.512 in a 160 min 
etch. Addition of acetic acid is found to increase OEP. For 
example, we achieved 403 m2 g–1 specific surface area, 3.8 nm 
mean pore diameter, 0.388 cm3 pore volume,  = 0.475, MLR = 
0.658, OEP = 0.721 in a 90 min etch. Scaling of the process to 
large batches is made much easier because the thermal load is 
greatly reduced. Furthermore, oxovanadium ions exhibit higher 
solubility than the ferric/ferrous system and H2O2 does not add 
precipitating ions. No precipitates are formed. 
Considerable room for process optimization remains as we 
have only begun to explore the effects of initial concentration of 
V2O5, pump rate (which also determines etch time), ratio of H2O2 
to Si, temperature, amount of H2O and CH3COOH added to HF, 
and, importantly, filtering, rinsing and drying conditions. Specific 
surface area increased with longer etch times but was reduced if 
a superstoichiometric amount of H2O2 was added. Addition of 
acetic acid (volume ratios of acetic acid: water: HF of 1:3:4) 
significantly increased the specific surface area and OEP. Acetic 
acid is a surfactant that decreased the etch rate while enhancing 
release of H2 bubbles and replacement of etchant during rinsing. 
Porous particles are denser in the presence of acetic acid as 
evidenced by reduced foaming and floating because the pores 
contain less gas. Less gas and more etchant in the pores 
enhances etching as the pore tip relative to etching of the 
external surface. Therefore the OEP value was improved. 
ReEtching 4 µm powder led to a mixture of single-crystal 
completely porosified, Fig. 2a, and porous shell/solid-core 
particles, Fig. 2b. Critically, electron diffraction revealed no 
amorphitization or pore collapse resulting from pentane drying. 
The porous shell in Fig. 2b exhibts banding. The mixture of 
completely etched and partially etched particles accompanied by 
banding were both related to inhomogeneous mixing caused by 
foaming. Some particles remained submerged until they etched 
completely. Other particles moved between etchant and foam 
with reduced effective etch time and less homogeneous etching. 
Increased stability of the porous layer was corroborated by PL. 
ReEtched por-Si was still subject to redshifting and intensity 
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decrease upon prolonged air exposure, however, the redshift 
was usually to 600–615 nm and significantly more intensity was 
retained (Supplemental Information). Air exposure also led to 
significant PL intensity in a blue band at ~485 nm. 
 
Figure 2. (a) Secondary electron (SE) SEM image of FIB-sectioned ~4 μm 
powder etched in V2O5 + H2O2 + HF reveals that is porosified to the core. (b) 
Bright-field (BF) TEM image obtained from a partially etched particle reveals 
banding in the porous layer outside of a solid core, and a selected area 
diffraction pattern (SADP) from the porous layer (inset) indicates it is single-
crystalline. (c) SE SEM image reveals ~20 μm tall pillars etched into a ~1 mm 
powder particle during ReEtching for 6h. (d) BF TEM image obtained from a 
single pillar reveals it to be porous, and the SADP (inset) reveals it to be totally 
amorphous. The region below the pillars was porous to a depth extending over 
2 μm (supplemental material). 
The versatility of ReEtching opens up previously 
unattainable processing capabilities. Foaming is extreme for 4 
µm and smaller particles but decreases for increasing particle 
size. By achieving the appropriate steady-state etch rate with an 
optimized combination of V2O5 and H2O2, we can etch larger 
particles effectively. Results in Figs. 2c and 2d demonstrate that 
porosification to a depth >20 µm on one side of a particle has 
been achieved. This is important because between 21 µm and 
100 µm, foaming disappears completely even without addition of 
acetic acid allowing for homogeneous complete etching. 
ReEtching can be applied to other starting materials 
including wafers and to por-Si powder produced by magnesio-
thermal reduction,[14] or pulverization of anodized wafers.[15] 
Mesoporous powder produced by anodization, which was not 
initially photoluminescent, was ReEtched. This allowed us to 
introduce much smaller quantum-confined structures within the 
~14 nm mesopores. The result was stunningly bright and 
persistent photoluminescent material as shown in Figure S3. 
Regenerative electroless etching (ReEtching) is a process in 
which one oxidant is used to regenerate a more reactive but 
costly oxidant. We have demonstrated that ReEtching provides 
previously unattainable processing control over electroless 
etching and the realization of effective, low-cost bulk synthesis 
of nanocrystalline porous Si powder. 
Experimental Section 
Porous Si samples have been made in West Chester and Turku with 
reagents from multiple sources, see Supplemental Information for details. 
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